Introduction
Large variation has been found in the mechanical properties of frozen saline soils with different salt contents in cold regions, since the freezing temperature of saline soil is greatly affected by salt content. For frozen saline soils, the influence of sulfate on the mechanical and structural characteristics of frozen soils is very much intense. Moreover, sulfate saline soil is widely distributed in the western cold regions in China (Xu et al. 1995) . With the development of engineering construction in these regions, the strength characteristic and related theory of frozen saline soils are urgently needed. The research on the mechanics characteristics of frozen saline soils, especially the influence of salt content, is rarely reported.
In general, the geomaterials can be taken as friction materials. Mohr-Coulomb criterion with linear strength envelopes in both meridian plane and deviatoric plane is widely used for geomaterials. However, a large number of studies have indicated that the linear Mohr-Coulomb is not suitable for most of geomaterials, and the nonlinear strength envelopes are often employed to reflect the effect of intermediate principal stress (Houlsby 1986; Liu and Carter 2003; Lai et al. 2010; Mortara 2015) . For frozen soils, Lai et al. (2010) proposed a nonlinear Mohr strength criterion to describe the shear strength based on the experimental results. Hydrostatic pressure also greatly affects shear strength, and the strength envelopes were presented as an open or closed parabolas (Qi and Ma 2007; Mortara 2008) , and exponential or power functions (Hoek and Brown, 1980; Yao et al. 2015) . Some researchers have also studied the shape function in deviatoric plane under various complex stress states of geomaterials, and abundant results were obtained (Gudehus 1973; Argyris et al. 1974; Podgorski 1985; Matsuoka et al. 1999; Bigoni and Piccolroaz 2004; Mortara 2008 ). Zienkiewicz and Pande (1977) proposed a widely-used nonlinear unified strength criterion. With respect to sandy soils, two popular strength criteria, abbreviated as MN and LD, were proposed by Matsuoka and Nakai (1974) and Lade and Duncan (1975) , respectively. They were later developed by many researchers, such as Gajo and Muir Wood (1999) , and Pestana et al. (2002) . Based on the MN criterion and the corresponding transforming stress method, Yao et al. are still some troubles when being applied for frozen soils. Yang et al. (2010 a; 2010 b) established a new strength criteria based on MN and LD criteria for frozen soils. In order to overcome the limitations of the new strength criteria, a better one, based on Hoek-Brown criterion, was proposed by Yang et al. (2013) . In addition, Liu et al. (2011) introduced a material coefficient into a unified strength criterion, and realized the interconversion between the MN and LD criteria.
On the research of yield criterion, Yao and Sun (2000) developed a revised model by applying
Lade's criterion to Cam-Clay model. This model is capable of predicting the drained and undrained behavior of soils in general stress conditions. Other researchers adopted this method to develop some other critical strength criteria (e.g. Mortara 2008; Yao et al. 2004 ).
Compared with general frozen soil, the structure of frozen saline soil is changed with the precipitation of ice crystal and salt crystal in the freezing process, so the strength criterion of frozen saline soil is more complex than that of other frozen soils. Due to the complex structure of frozen saline soils, plenty of existed strength criteria (Houlsby 1986; Matsuoka and Nakai 1974; Lade and Duncan 1975; Liu and Carter 2003; Lai et al. 2010; Mortara 2015 ) cannot be directly used. The existence of salt lowers the freezing temperature, which consequently causes the decrease of the content of ice crystals with the increase of salt content. In addition, salt crystallization enhances the bond strength. It has been proved that the content of sodium sulfate has a large influence on the mechanical properties of frozen soils (Wan 2015) . Therefore, in order to establish a new strength criterion, further research work should be conducted on the influence of salt content on the shear strength of frozen saline soils. The tested saline soil was collected from the permafrost regions on the Qinghai-Tibet plateau. In order to prepare soil samples with different salt contents, the natural saline soil was firstly desalinated with distilled water. The desalinated soil was dried at a constant temperature of 105 °C for 24 h and then pulverized. Finally, cylindrical soil samples with the diameter of 61.8 mm and the height of 125 mm were made by the uniform mixture of soil, anhydrous Na 2 SO 4 and water.
Four types of salt contents, i.e. 0.0, 0.5, 1.5, and 2.5%, were obtained. The MTS-810 material testing system (MTS Systems Corporation, USA) was modified by adding a cooling equipment for triaxial tests of frozen soils in this study. The apparatus was presented in a previous paper (Yang et al. 2010 ). The test procedure was: 1) keeping the temperature of soil samples at -6 °C using the cooling equipment; 2) loading to a constant confining pressure; 3) keeping the consolidation state for 2 hours; and 3) increasing axial pressure at a certain strain rate until the soil sample failure.
The critical strength test results of the frozen soils with different salt contents are shown in Fig. 1. It can be found that the strength increases with the increase of confining pressure under relatively low pressures, whereas under relatively high pressures, the increasing amplitude slows down with the increase of the confining pressure for any salt content tests. The possible reason is that the microcracks show a tendency to disappear under relatively low pressures, but they are more likely to expand under relatively high pressures because of ice crystals melting and rupture (Fish 1991; Ma et al. 1999) . Additionally, from Fig.1 , it can be seen that the salt contents have a small effect on the critical strength under relatively low confining pressures, but an increasingly large effect with the increase of confining pressure. The precipitation of salt crystals in soil increases the bond strength between soil particles. Due to the bond effect of salt crystal, the shear strengths are higher when the soils with the higher salt contents, but the incremental strengths are not very high with the increase of salt contents under relatively low pressures. Unlike the pressure melting of ice crystals, the increase of confining pressure has little effect on salt crystals.
Therefore, the higher the salt contents, the smaller the influence of pressure melting characteristics on the shear strength. And the higher the salt content is, the lower the curving degree of critical strength curve is, except that the shear strength of soil sample is minimum when the salt content is D r a f t 5 0.5%. Usually, there are certain tensile strengths for frozen saline soils due to the cementation effect of salt and ice crystals. This kind of cementation characteristic of frozen saline soil is very similar to the cohesive characteristic of cemented clay. Suebsuk et al (2010) proposed a constitutive model based on the Structure Cam Clay (SCC) model to simulate the mechanical behaviors of cemented clay. Horpibulsuk et al. (2004) pointed that the cohesive effect of cemented clay can strongly hinder the process of shear strain. With respect to frozen saline soil, the cementation effect is weakened due to the melting of ice under relative high pressure, which is so-called as "pressure melting" (Fish 1991; Ma et al. 1999) . As a result, the critical strength curves are bended D r a f t downwards with the increase of hydrostatic pressure, as shown in Fig. 1 
The parameter determination of the critical yield curves
In principal stress space, the yield condition can be expressed by the three stress invariants, such
. Through the mutual conversion between stress invariants and stress components, the yield condition can be rewritten as
According to the general form of yield function proposed by Zheng (2010) , Eq.(5) can also be expressed as
From Eq.(6), the deviatoric stress q can be expressed as (Roscoe and Burland 1968) , the critical strength envelope function of frozen saline soils can be expressed by
Substituting Eq. (4) into Eq. (8), the strength envelope formula of frozen saline soil can be given Table 1 . From the above analyses, it can be seen that the salt content has a great influence on the shear strength of frozen saline soil. Of note is that the shear strength doesn't always increase with the increase of salt content, especially, the minimum value appears for the frozen saline soil with the salt content of 0.5%. Additionally, salt content also has an influence on the strength envelops and their parameters 0 M , l B and l C .
The influence of salt content on the shear strength of frozen saline soil
As shown in Fig. 1 , a more obvious influence of salt content is presented under the relatively high hydrostatic pressure. The shear strength generally increases with salt content increasing. The minimum value doesn't appear at the soil sample without salt, but appears at the soil sample with the salt content 0.5%. The shear strength increases with the increase of salt content when the salt content is higher than 0.5%. As for the three parameters, it is found that the critical stress ratio M 0 increases with the increase of salt content. The parameters l B and l C firstly decrease and then increase with the increase of salt content, and reach the minimum value at the salt content of 0.5%.
These phenomena are analyzed and discussed from the two aspects as following:
(1) The cooling temperature curve. The cooling temperature curves were obtained by cooling the frozen saline soils with the salt contents 0.0%, 0.5%, 1.5%, and 2.5% (the salt is anhydrous D r a f t Na 2 SO 4 fine particles), respectively, from the initial temperature of 10°C. Referring to the previous researches Xu 2010; Bing and Ma 2011) , the freezing temperatures of the frozen saline soils can be determined. From the cooling temperature curves (Fig. 3) , it can be seen that the freezing temperature are -0.19 °C, -1.47 °C, -1.54 °C and -1.58 °C for the frozen saline soils with salt contents of 0.0%, 0.5%, 1.5%, and 2.5%, respectively. In the cooling process, the liquid water of the soil sample starts to freeze when the temperature reaches its freezing temperature, and a part of unfrozen water still keeps the unfrozen state. The first inflection point of the temperature curves means that the soil sample is in the initial ice-water phase transition region. After the inflection point, the temperature starts to escalate due to a lot of heat releasing during water-ice phase change. Then, the temperatures reach the highest points, which are just the freezing temperatures of soil samples. Besides water-ice phase change, salt crystallization may be another influencing factor of the temperature curves. Another inflection point appears at the frozen saline soil with the salt content 0.5% after water-ice phase change, which may be caused by heat releasing during salt crystallization. This phenomenon doesn't happen for the other frozen saline soils, possibly indicating that salt crystallization is finished before the freezing temperatures.
(2) The process of salt crystallization. The existence of sodium sulfate lowers the freezing temperatures of saline soils by changing the unfrozen water activity . According to the test results, salt crystallization doesn't happen near the freezing temperature when the salt content is lower than 0.5%. A tinny inflection point appears before the freezing temperature for the frozen saline soil with the salt content 1.5%. That is the moment of salt crystallization happening. Wan (2015) pointed that salt crystallization may happen at positive temperatures when the salt content is higher than 2% for saline silt. Since the shear strength might be influenced by salt crystallization, two kinds of situations will be analyzed for the frozen saline soils with the salt content lower or higher than 0.5%, as follows.
i) The formation of ice crystallization is prior to salt crystallization for the frozen saline soils with the salt contents from 0.0 to 0.5%. A lot of heat releases during the process of salt crystallization. When the soil temperature is higher than the freezing temperature, the sodium sulfate solution in the soil is not saturated, resulting in no salt crystallization occurring. On the other hand, when the temperature is lower than the freezing temperature, some part of unfrozen water will be consumed by water-ice phase change, and consequently the sodium sulfate solution D r a f t 10 in the soil reaches the supersaturated state and the sodium sulfate begins to crystallize. From the temperature curve of the salt content 0.5%, it can be seen that the starting temperature of salt crystallization is a little bit lower than the freezing temperature. This means both ice and salt crystallizations occur practically at the same time. Due to the changes of the unfrozen water activities, no salt crystallization occurs when ice begins to crystallize with the salt content lower than 0.5%. Therefore, the shear strength of frozen saline soils decreases with the increase of salt contents when the salt content of sodium sulfate is from 0.0 to 0.5%.
ii) The freezing temperatures and the amounts of ice crystallization are almost maintained unchanged for the frozen saline soils with the salt contents from 0.5 to 2.5%. Due to water absorption of soil particles, the supersaturated state is reached above the freezing temperature. The precipitation of sodium sulfate crystals precedes the formation of ice crystals, and the ice crystals directly bond with sodium sulfate crystals and soil particles. As a result, the more the salt crystals are, the higher the bond strength between the crystals and the soil particles will be, so the higher salt content results in the higher shear strength of frozen saline soils.
The influence of salt content on shear strength is illustrated in Fig. 4 . It can be seen that the minimum value appears at the salt content of 0.5%, and a nonlinear relationship is found between the shear strength and salt content. As we can see, the influence of salt content on parameters l B and l C are consistent with that on shear strength. The parameters l B and l C also behave firstly decreasing and then increasing with the increase of salt content, as shown in Table 1 . 
Based on the envelope theory, the following relationship can be given
Substituting Eqs. (11) and (12) into Eq.(13), for the nonlinear strength criterion of frozen saline soil, the normal stressσ related to p and q can be obtained by It is supposed that the value of friction angle is initial friction angle when the hydrostatic pressure p=0. From Fig.5 , it can be seen that the friction angles decrease with the increase of hydrostatic pressure due to pressure melting. The influence of salt content on friction angle is obvious. The higher the salt content is, the bigger the initial friction angle is. Under relatively low hydrostatic pressures (for example lower than 3 MPa), little changes of friction angles are found when hydrostatic pressure increasing for different salt contents. And a similar variation trend is found for shear strength. Under the same hydrostatic pressure, the minimum value of the friction angle is not corresponding to salt content 0.0%, but to salt content 0.5%, when the hydrostatic pressure exceeds a certain value (for example 10MPa).
Strength criterion for frozen saline soil
At present, the true triaxial tests on frozen saline soils under general stress states cannot be carried out due to the limitation of test apparatus. Moreover, it is difficult to apply the strength criterion of unfrozen soils directly to the research of frozen soil. The research results of Liu et al. (2011) and Yao et al. (2015) indicated that the strength curves of MN criterion and LD criterion were approximate in deviatoric plane for sand materials. Moreover, as we know, there are many differences in the failure surfaces between frozen soils and unfrozen soils in principal stress space Firstly, since the bond strength is very large among the ice/salt crystals and soil particles, failure surfaces of frozen soils do not pass through the origin of coordinates, but the strength curves in q p − plane pass through the point of isotropic tension due to the existence of tensile strength of frozen soil. Secondly, the strength curves in q p − plane are not straight lines. The strengths firstly increase to peak values with the increase of confining pressure, and afterwards decrease due to pressure melting or crushing phenomena under high confining pressures. Therefore, the previous strength criteria, such as Matsuoka-Nakai and Lade criteria, are unsuitable for frozen saline soils.
Shape function analysis in deviatoric plane
In the study of strength criterion, Matsuoka and Nakai (1974) and Lade and Duncan (1975) proposed strength criteria for geomaterials, i.e., MN and LD strength criteria, respectively. They At present, there are many unsolved problems to carry out true triaxial tests for frozen soils.
From the structure point of view, frozen saline soil has cohesion strength due to the existences of ice and salt crystals, but the cohesion can be easily influenced by pressure melting or crystals crushing. Therefore, based on the empirical strength criteria and the research results of Liu and Carter (2003) , a strength criterion of frozen saline soil are proposed as The frozen saline soil, with the salt content of 1.5% and the initial friction angle 0 φ =26.92°, is taken as an example to investigate the relationship between the parameters α and β . From Eqs.
(21), (26) and (27), the relationship of α and β , shown in Fig.6 , can be obtained. The shape function curves with different values of α in deviatoric plane are shown in Fig. 7. From Fig.7 , it can be seen that the minimum radius ratio is equal to 0.5, and the deviatoric plane curve is an equilateral triangle. When the maximum value of β is equal to 1, the deviatoric plane curve is a compression and tensile tests, the radius ratio β in deviatoric plane can be determined, and the shape functions in deviator plane can be established directly by using the parameter β . Supposing 2 0. − = α for frozen saline soil, the shape function curves in deviatoric plane for different friction angles are shown in Fig. 8 . With the change of salt contents, the shape function curves in deviatoric plane are shown in Fig. 9 and the yield surfaces in principal stress space are presented in Fig. 10. From Fig. 9 , it can be seen that the yield curves have some differences versus the different salt contents. The larger the hydrostatic pressure is, the bigger the influence of salt on the failure criterion will be. The shape function curves are very close for different salt contents under relatively low hydrostatic pressure. 
Parameter determination of strength criterion and discussion
Substituting Eqs. (26) and (9) into Eq. (7), the yield function of the frozen saline soils can be given by In Section 2.3, the three parameters 0 M , l B and l C , related to critical strength curves, have been determined by the conventional triaxial tests, which are closely related to the salt contents. In Section 3.2, the changes of friction angle φ have been investigated based on the method of nonlinear Mohr strength criterion. In order to determine the strength criterion, the parametersα or D r a f t β should also be determined. If one of the parameters is determined, the other one can then be obtained from the relation ofα and β in Section 4.1.
In this paper, the strength criterion parameter β can be obtained by the Extrusion Elongation
Triaxial test (EET). The relationship of the three principal stresses in the EET tests is
, when compressive stress is taken as positive. The EET test apparatus can be developed by modifying the pressure chamber of conventional triaxial test apparatus, and the axial loading and confining pressure can be controlled independently. In EET test, the deformation of the soil sample gradually increases in axial direction due to the extrusion by confining pressure, until the specimen is finally destroyed. The test method is that the axial and confining pressures are applied and kept for 2 hour consolidation firstly. Then, the axial loading is still kept constant, while the loading rate of confining pressure is 0.1MPa/min. Referring to the critical yield determination method of Brazilian Splitting tests for frozen and rock, the yield state of frozen saline soil is considered to reach when the axial strain is 2.5%. The EET test results are shown in Fig. 11 In order to verify the rationality of the established strength criterion for frozen saline soils, the tests of several stress states are performed on the soil samples with different salt contents, and the test results are summarized in Table 2 . In the EET test apparatus, rubber membrane is used to isolate the oil and the specimen. Thus, the oil pressure is only applied to the radial direction of the sample, while the axial direction is only loaded by the axial external load. The apparatus has some limitations for applying very high hydrostatic pressure. Thus, the maximum confining pressure is no more than 8MPa in this study. From Table 2 and Fig. 7 , it can be concluded that the shape function curves, under low hydrostatic pressure, look like an equilateral triangle in deviatoric plane. With the increase of salt contents, the value ofα decreases gradually, but its values are always changed around -0.2 for the samples with different salt contents. From Section 3.1 and the EET tests, the minimum values of the critical strength and β appear when the frozen saline soil with the salt content of 0.5%. With the increase of hydrostatic pressure, the value of β gradually increases, while the shape function curve in deviatoric plane gradually changes from an approximate equilateral triangle to an approximate circle, as shown in Fig. 9 . This kind of characteristics is similar to that of Tien-Liao mudstone (Lee et al. 2002) .
Conclusions
The complexities in both the structure and the component of frozen saline soils make its mechanical properties very complicated. In order to establish the strength criterion, a series of conventional triaxial compression tests and EET tests are carried out to frozen saline soils with Na 2 SO 4 contents of 0.0%, 0.5%, 1.5%, and 2.5%, respectively. Some conclusions are made as follows:
(1) For the frozen saline soils with different salt contents, the critical strength curves under low confining pressure look like straight lines, and then bend downward with the increase of hydrostatic pressure under high confining pressure. The minimum critical strength appears when the salt content of 0.5%. 
